ABSTRACT
1-3
Neuroimaging techniques, including CT and MR imaging, have revolutionized the diagnosis and management of this disease, by providing evidence of the number and topography of lesions, their stage of evolution, and the degree of inflammatory reaction of the host against the parasites. [4] [5] [6] While some imaging findings are highly suggestive of NCC, in some cases it may be challenging to differentiate NCC from other infectious or neoplastic diseases. [3] [4] [5] In this regard, advanced MR imaging techniques have been used in an attempt to increase overall accuracy. [7] [8] [9] DWI has been extensively used in various settings besides its primary clinical use in acute stroke. For example, DWI may be implemented in differentiating brain abscess and tumor 10, 11 or in differentiating epidermoid and arachnoid cysts. 12, 13 Currently, there are few studies discussing the DWI findings in patients with NCC, but the limited studies demonstrate results that are variable and somewhat contradictory: Some studies disclosed hypointense signal within the cysts on DWI, similar to CSF, 7, 14, 15 whereas others have depicted the presence of various degrees of reduced diffusion. 16, 17 However, the occurrence of reduced diffusion in patients with NCC has not been entirely understood, particularly regarding the location and relation to the stage of NCC. The aim of this study was to describe the DWI findings of a cohort of patients with NCC, emphasizing specifically the frequency and the stage of NCC lesions in which DWI abnormalities can be appreciated.
MATERIALS AND METHODS
This was a retrospective study, which included patients whose examinations were archived in our teaching file data base. Inclusion criteria were essentially the presence of the examination in the data base (including all relevant sequences necessary for adequate staging of lesions-especially FLAIR, T2*, T1 postgadolinium, and also DWI) and a clinical diagnosis of NCC, confirmed by stringent criteria as detailed elsewhere. 18 Exclusion criteria were patients whose examinations disclosed only calcified lesions, patients presenting innumerable lesions that were too extensive to count (Ͼ100), and incomplete examinations (not all relevant sequences were available). MR imaging examinations were performed in 1.5T or 3T scanners (2 patients). Imaging protocol included the following sequences: axial T1-weighted spin-echo, axial T2*, axial and coronal T2-weighted fast spin-echo, and axial FLAIR. Section thickness was 5 mm, and the FOV varied between 18 and 24 cm. After the administration of a gadolinium chelate (0.1 mmol/kg), an axial 3D T1 sequence (spoiled gradient-recalled echo sequence, section thickness of 1.6 mm) and 5-mm-thick T1-weighted spinecho sequences were also obtained.
Before contrast administration, diffusion was studied by obtaining axial echo-planar images (TR/TE in 1.5T and 3T, 10,000/105.3 and 3231/67 ms, respectively) with a matrix resolution of 96 ϫ 128 (1.5T)/192 ϫ 153 (3T) and with 2 different b-values, 0 and 1000 s/mm 2 , corresponding to T2 and DWI, respectively. Section thickness was 5 mm at 1.5T and 4 mm at 3T. Diffusion gradients were applied in 3 different directions (x, y, and z), and ADC maps were generated by calculating ADC values pixel by pixel. 19 MR images were analyzed in consensus by 2 neuroradiologists (with 10 and 4 years of experience reading brain MR imaging examinations) regarding the location and number of NCC lesions; the stage of all parenchymal lesions was defined on the basis of previously defined criteria. 5, 18, 20 Due to intrinsic difficulties in counting subarachnoid lesions in the racemose form, these were arbitrarily grouped as 1 lesion when detected. Lesions in the nodular calcified stage were excluded from analysis because MR imaging has well-known limitations in characterizing these (compared with CT). Besides, these lesions are mineralized, punctate, and entirely T2 hypointense, making ADC measurement challenging and more prone to inaccuracy. 21 In addition, on the basis of visual analysis of DWI, the presence or absence of high signal in NCC lesions was carefully evaluated in consensus. When DWI hyperintensity was judged present and when the size of the DWI hyperintense portion of the lesion allowed location of a region of interest, the region of interest was manually outlined twice on ADC maps (0.10 -0.30 cm 2 ), encompassing the DWI hyperintense portion of a given lesion, and the obtained values were averaged. ADC values were also obtained from corresponding regions of interest outlining contralateral normal-appearing white matter. Calculation of rADC was defined by means of the following formula: ADC of the Lesion/ADC of Contralateral Normal-Appearing White Matter.
RESULTS
We identified 75 patients from our data base with NCC, 27 of whom were excluded due to the above-cited criteria. The total number of lesions inspected was 342, distributed according to their location in parenchymal (263), intraventricular (14) , and subarachnoid spaces (65). Twelve of 65 subarachnoid lesions were characterized as having a racemose form. Staging of the 263 parenchymal lesions resulted in the following: 139 lesions in the vesicular stage, 93 lesions in the colloidal vesicular stage, and 31 in the granular nodular phase (Table 1) . From the 33 patients with parenchymal lesions, 21 (63.63%) had coexistence of lesions in different stages, the most common association being between vesicular and colloidal vesicular stages.
Overall, we noticed 83 lesions with DWI hyperintensity (Table  1 ). In 75, there was visible evidence of a small eccentric dot or comma-shaped hyperintensity on DWI that might represent the scolex, especially when correlated with other sequences; the small dimensions of this finding, however, precluded a reliable and reproducible measurement of the ADC. Eight lesions (7 patients, classified from A to G in Table 2 ) presented total/subtotal DWI hyperintensity, associated with the presence of reduced diffusion in different degrees, as measured by rADC calculations.
All cystic lesions judged to be in the vesicular stage showed high signal on T2WI and low signal on T1WI and FLAIR, paralleling CSF signal on all sequences. There was no evidence of relevant contrast enhancement or perilesional edema. DWI demonstrated low signal in all lesions, like CSF. However, in 41 of 139 lesions in the vesicular stage (29.49%), there was visible evidence of the small eccentric dot or comma-shaped DWI hyperintensity suggestive of the scolex, which presented iso-/hypointensity in ADC maps compared with brain parenchyma (Fig 1) .
In the 93 lesions deemed to be in the colloidal vesicular stage, all showed low signal on T1WI, high signal on T2WI, and intermediate signal on FLAIR. Ringlike enhancement was identified in each of the lesions after contrast administration, with surrounding vasogenic edema. On DWI, 18 of 93 lesions (19.35%) presented with the small hyperintensity suggestive of the scolex and iso-/hypointensity in ADC maps (Fig 2) ; however, 5 (5.37%) also had total/subtotal DWI hyperintensity without a clearly discernible image, suggestive of the scolex on DWI and conventional sequences ( Table 2) .
Lesions at the granular nodular stage had low signal on T1WI, low or intermediate signal on T2WI, and intermediate signal on FLAIR images. Each of these lesions demonstrated ringlike enhancement after contrast administration and almost no surrounding vasogenic edema compared with the colloidal vesicular stage lesions. One of 31 lesions (3.22%) had DWI hyperintensity involving the whole lesion, with low signal on the corresponding ADC maps, confirming the presence of reduced diffusion (Fig 3 and Table 2 ).
Fourteen of 65 lesions in the subarachnoid space (21.53%) had the small DWI hyperintensity suggestive of the scolex and iso-/hypointensity on ADC maps (Fig  4) . In 2 of these subarachnoid lesions (16.66%), complete DWI hyperintensity was detected with low signal on the corresponding ADC maps, confirming the presence of reduced diffusion (Fig 5 and Table 2 ). Two of 14 intraventricular lesions (14.28%) also showed the DWI hyperin- in A ) ; there is 1 right parietal lesion (arrow on A ), compatible with NCC in the vesicular state. In this lesion, the scolex is clearly seen on DWI as a hyperintense eccentric dot, but it can also be appreciated in the other 2 images. ADC map (C ) discloses the scolices as iso-/hypointense dots.
tensity presumably corresponding to the scolex and iso-/hypointensity on ADC maps (Fig 6) .
Most interesting, though in a minority of cases, the eccentric dot or comma-shaped DWI hyperintensity allowed a more pre- cise identification of the scolex compared with other sequences, including FLAIR. This phenomenon was noticed in 21 lesions in the vesicular stage (15.10%), 13 lesions in the colloidal vesicular stage (13.97%), and 7 (10.76%) in the subarachnoid space (Fig 4) .
DISCUSSION
NCC is considered the most common parasitic disease affecting the central nervous system, and besides the well-known endemic locations, it has rising importance in developed countries. 22, 23 Adding complexity to the scenario, NCC is clinically a pleomorphic disease. 24 The imaging findings of NCC are also quite variable, and the coexistence of lesions in different stages and locations is frequently observed, 4, 6 in agreement with the current study. Some lesions present a diagnostic challenge regarding their location, particularly in distinguishing parenchymal and subarachnoid compartments. 25 Our study criteria designated lesions as subarachnoid only when unequivocally belonging to this location; otherwise these were counted as parenchymal. The MR imaging evolution of parenchymal NCC lesions recognizes 4 stages: vesicular, colloidal vesicular, granular nodular, and nodular calcified. In the vesicular stage, the cysticercus is viable, there is no inflammation, and it has the characteristics of a CSF-like signal cyst presenting with the scolex as an eccentric mural nodule. When the lesion evolves to the colloidal vesicular stage, degeneration commences and inflammation plays a central role, manifest as perilesional edema and peripheral contrast enhancement; the signal intensity of the lesion at that time is distinct from CSF (hyperintense on FLAIR) as the scolex starts to degenerate. The parasite is already dead by the granular nodular stage as the retracted lesion begins to mineralize (showing T2-hypointensity), and the edema and enhancement progressively subside. In the nodular calcified stage, the lesion achieves complete mineralization. 6, 26 The fact that calcification is the hallmark of the final evolutionary stage of the cysticercus is another point that has led us to exclude patients presenting with only this kind of lesion, because DWI would not be expected to add much value at that point.
Our sample demonstrated an eccentric DWI hyperintense dot or curvilinear structure in a subset of NCC lesions during both the vesicular and colloidal vesicular stages. The assumption that it represents the scolex comes from correlating with other sequences on which the scolex can be discerned. Previous work from Raffin et al 17 described this finding in 7 of 11 patients with NCC, but there was no mention of lesion count as a whole or per patient. Lesions in this study were also not classified according to the disease stage, though the authors stated that all patients had cystic lesions with signal intensity similar to that of CSF, with or without peripheral edema and/or enhancement, 17 which signals that their sample probably included lesions in the vesicular stage as well as in transitional forms between vesicular and colloidal vesicular stages, because even the lesions with edema or enhancement exhibited CSF signal in that study. We have expanded their observation to a larger sample population, classifying lesions according to NCC stages, including the depiction of a DWI hyperintense eccentric structure in lesions belonging to the colloidal vesicular stage, whose content was clearly distinct from CSF on FLAIR images. The mechanism underlying DWI-hyperintense scolices is so far unknown: maybe these represent the earliest sign of cyst degeneration (which can be ascertained by future, prospective studies); otherwise, differences related to the host immune response or genetic variations of the parasite might explain this finding. 27, 28 The eccentric DWI hyperintensity presumably representing the scolex has an important diagnostic implication because the detection of the scolex is pathognomonic of NCC and considered an absolute diagnostic criterion of the disease. 18 Due to its small dimensions, reliable measurements of rADC could not be obtained, but the qualitative finding of iso-/hypointensity on ADC maps indicates that the T2 shine through effect is less likely. The depiction of this sign was clearly visible on DWI in a subset of patients and thus likely has direct clinical applicability, increasing diagnostic confidence even when conventional MR images already point to a diagnosis of NCC, because DWI is already incorporated in MR imaging protocols in daily clinical practice. We also demonstrated that reduced diffusion inside a lesion can occur in parenchymal lesions in either the colloidal vesicular or granular nodular stages, and reduced diffusion may also occur within the subarachnoid space. In this setting, reduced diffusion possibly is a hallmark of a viscous and/or proteinaceous content, which is expected during degeneration of a cystic NCC lesion. Using diffusion tensor imaging, Gupta et al 29 recently found, in 25
patients, a progressive decrease in mean diffusivity and an increase in fractional anisotropy during evolution of NCC lesions from vesicular to colloidal vesicular and from colloidal vesicular to granular nodular stages, which corroborates our observation. One can speculate that lesions in the colloidal vesicular stage with reduced diffusion represent a "late" colloidal vesicular stage, in contrast to an "early" colloidal vesicular stage in which the signal intensity of the lesion still resembles CSF. If one applies the same concept, lesions in the granular nodular stage with reduced diffusion might represent an "early" granular nodular stage; when calcification becomes relevant, in the so-called "late" granular nodular stage, reduced diffusion disappears as the lesion contents evolve from a viscous liquid to a solid material, signaling transition to the last stage of development of NCC lesions, the nodular calcified phase. In short, it seems that the DWI appearance in NCC lesions may relate to a continuum of degeneration, characterized by a tendency to reduced diffusion that ceases when a solid state is achieved ("late" granular nodular stage). When scrutinizing the pertinent literature, we found early works investigating the value of DWI in the differential diagnosis of cystic brain lesions. Park et al 16 In this study, they collected fluid from some lesions at the time of surgery, and though the protein contents were not significantly different between degenerating NCC and tuberculous lesions, the cellularity and viscosity were significantly distinct (NCC lesions were devoid of cells and less viscous). This could, at least in part, account for the absence of reduced diffusion seen on these NCC lesions.
Our data support the inclusion of NCC as a possibility in the differential diagnosis of cystic lesions with reduced diffusion and ring enhancement, together with bacterial abscesses, 11 fungal infection, 31 and tuberculomas/tuberculous abscesses. 15 Therefore, another aspect reinforcing the clinical relevance of the present work is that in some cases, it was easier to characterize the lesion and the scolex on DWI than on other sequences. Hence, the findings described in this study on DWI could be useful to help distinguish NCC from other lesions in the differential diagnosis. Limitations of this study include the following: lack of pathologic and CT correlations, a retrospective and transverse design, and patients not consecutively included (due to characteristics of the above-cited inclusion criteria). However, patients usually presenting with Ͼ1 lesion and with various stages of evolution makes the sample collected here quite relevant. Prospective longitudinal studies with pathologic correlation are encouraged to address some of the issues presented here and to advance the knowledge of such an important disease.
CONCLUSIONS
DWI findings in NCC may relate to the stage of infection. In vesicular and colloidal vesicular stages, the scolex can present as a DWI hyperintense dot or comma-shaped structure. Total/subtotal DWI hyperintensity may be present in cystic parenchymal lesions in the colloidal vesicular and granular nodular phases. Thus, DWI may signal a continuum of degeneration.
This constellation of findings has direct and relevant clinical implications. DWI may be important in increasing diagnostic confidence for NCC. NCC, albeit rarely, can also be considered in the differential diagnosis of cystic lesions with reduced diffusion, ring enhancement, and vasogenic edema; such a list also includes fungal and bacterial abscesses. 
